Objective: Nowadays, it is still questionable whether denatured collagen (DCol) can replace the native collagen (Col) as a bioactive protein in cartilage engineering. We sought to study the advantages of Col with a triple-helical structure in the collagen-based composite materials for cartilage engineering. Methods: We presented new three-dimensional (3D) Col and DCol scaffolds with shape memory properties. The effects of Col and DCol scaffolds on rabbit chondrocytes' proliferation, adhesion, differentiation and interaction with matrix were investigated. Tissue compatibility was performed in a subcutaneous Sprague Dawley (SD) rat model. The repair ability of different scaffolds with chondrocytes for full-thickness articular cartilage defects in knee joints of New Zealand white rabbits were investigated. Results: The results indicated that the Col scaffolds (with concentration 1.6wt% and 0.8wt%, respectively) promoted the proliferation, adhesion and redifferentiation of chondrocytes, as well as chondrocyte ematrix interaction, to a greater degree than the DCol scaffolds. In the animal experiment, the Col scaffolds filled in the defect hole significantly maintained chondrocytes function, promoted cartilage and subchondral bone regeneration, compared with the DCol scaffolds, and the scaffolds loaded with chondrocytes were better than the cell-free scaffolds, especially in the case of the Col scaffolds (1.6 wt%). Conclusions: Taken together, these insights suggest that the better proliferation, adhesion and redifferentiation of chondrocytes in Col scaffolds with the triple-helical structure may contribute to the greater cartilage repair ability. Col scaffolds may be more appropriate for repairing cartilage defects than DCol scaffolds, and DCol cannot as an alternative when using collagen-based materials for cartilage engineering applications.
Introduction
Due to the deficiency of self-repairing in articular cartilage, cartilage engineering provides a potential treatment for the cartilage defect and osteoarthritis by supplying artificial scaffolds, bioactive factor and chondrocytes 1 . Collagen hydrogel and scaffolds are the main biomaterial carrier used in the cartilage engineering 1 . The collagen includes native (Col) and denatured collagen (DCol), however it is still questionable that whether the DCol can replace the Col as a bioactive protein or not in the cartilage engineering.
Cells adhesion to Col via a 1 b 1 and a 2 b 1 integrins is strongly conformation-dependent and arginyl-glycyl-aspartic acid (RGD)independent, while DCol binds cells in an RGD-dependent manner 2, 3 . The triple-helical conformation in Col is particularly critical for a 2 b 1 -and a 1 b 1 -dependent adhesion, and a 2 b 1 -dependent adhesion seems to involve multiple conformational binding sites, while a 1 b 1 -dependent adhesion is more restricted to the heterotrimeric native form of the molecule 2,4 .Yamamoto et al. 5 identified that rabbit arterial smooth muscle cells recognized Col and DCol via interactions with triple helix-binding receptors and a chain-binding receptors. Tsai et al. 6, 7 suggested that the native collagen structures modulated the behavior of human osteosarcoma cells and enhanced the expression of osteopontin (OPN), collagen I (Col I), alkaline phosphatase (ALP), and osteocalcin (OCN) compared with gelatin matrix.
On the other hand, there are opposing views on the importance of Col on cell responses. Mauney et al. 8 found that mesenchymal stem cells (MSCs) exhibit an enhanced osteogenic differentiation capacity during in vitro expansion on DCol compared to Col. Taubenberger et al. 9 found that the exposed RGD-motifs in partdenatured Col trigger the binding of a 5 b 1 -and a v -integrins compared with that in the Col, stimulating osteoblast adhesion, spreading, motility, and differentiation.
Given the controversy regarding whether Col or DCol as a better bioactive protein in cartilage engineering, we made Col and DCol three-dimensional (3D) scaffolds by using type I collagen to compare the difference. Type I collagen extracted from bovine achilles tendons consists of triple-helical structure determining the cellematrix interaction 10, 11 . The proliferation, adhesion and differentiation of rabbit chondrocytes cultured in the scaffolds were investigated, and the adhesion molecules including integrin b1 and vinculin mediating cellematrix interaction was examined to explore the underlying mechanism. Furthermore, the tissue biocompatibility of the scaffolds was detected by using a subcutaneous Sprague Dawley (SD) rat model. Finally, the cartilage and subchondral bone repair ability of different scaffolds was compared in a cartilage defect model of New Zealand white rabbits.
Materials and methods
The protocol of animal experiments was approved by Fudan University Animal Care and Use Committee (Shanghai, China). All the animals were purchased from Slac Laboratory Animal Co. Ltd., Shanghai, China.
Materials
The collagen was extracted from fresh adult bovine achilles tendons in 0.5 M acetic acid with pepsin 12 . The purity and structural integrity was analyzed using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; Bio-Rad Powerpac 300, USA). DCol was prepared by heating the Col for 1 h at 60 C.
Creation and characterization of the Col and DCol scaffolds
The scaffolds were prepared by creating casts with the Col and DCol solutions after crosslinking with 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) 13 . Briefly, 10 mL of 8 mg/mL Col and 16 mg/mL DCol solution was mixed with 2 mg/mL EDC respectively. The solution was stored at 4 C for 24 h after removing the bubbles, and then freeze (À20 C, 24 h)-thawing (25 C). Finally, the scaffolds were immersed in the pure water to remove the residues. The 8 and 16 mg/mL Col and DCol scaffolds were labeled Col0.8, Col1.6, DCol0.8, and DCol1.6, respectively.
Transmission electron microscopy (TEM) experiments were conducted using JEOL 2100F (Japan) and Phillips CM20 (Netherlands) microscopes at 200 kV. The dilute Col or DCol solutions were dropped onto a fresh TEM copper grid and then left to fully dry at 25 C. Atomic force microscopy (AFM) observations were performed using a Dimension 3100 Nanoscope IV equipped with silicon cantilevers in the tapping mode (Bruker, USA). Both dilute Col and DCol solutions were dropped onto fresh mica substrates and allowed to fully dry in a desiccator for 24 h at 25 C.
The structure of the freeze-dried scaffolds was assessed using Fourier transform infrared (FTIR) spectroscopy and X-ray powder diffraction (XRD). The FTIR spectra were assessed using a Nicolet FTIR 6700 spectrometer with KBr disks at 25 C (Thermofisher, USA). XRD data were recorded on an X'pert pro with Cu Ka radiation (Bruker, Germany). The morphology of each freeze-dried scaffold was observed using a Field Emission Scanning Electron Microscope (FE-SEM, Zeiss, Germany). The mechanical properties of the scaffolds in the water were tested using an Instron 5565 mechanical testing instrument (Instron, USA) with a load cell of 500 N. Compression tests were conducted on cylindrical scaffolds (12 mm in diameter) with a gauge length of 10 mm and a crosshead speed of 15 mm/min 1 .
Rabbit chondrocytes culturing and seeding in scaffolds
According to a previous report 14 , three 2-week-old New Zealand white rabbits were euthanized, and the articular surfaces in the bilateral femur and tibia condyles were resected and digested with 0.25% trypsineEDTA for 30 min and collagenase II for 4 h at 37 C. After filtration, the chondrocytes were cultured in high-glucose Dulbecco's Modified Eagle's Medium (DMEM) with antibiotics (1% penicillin/streptomycin) and 10% fetal bovine serum (FBS) in an incubator containing 5% CO 2 at 37 C. The second-passage chondrocytes were used in the following experiments.
The Col and DCol scaffolds (12 mm diameter, 2 mm height) were sterilized using 75% ethanol for 24 h. Subsequently, 200 mL of 2 Â 10 7 cells/mL cell suspension was slowly dropped onto the scaffolds. Then the scaffolds were incubated for 1 h before adding 2 mL DMEM to guarantee the cell adhesion.
Analysis of chondrocyte proliferation and adhesion
The cell-loaded Col and DCol scaffolds were cultured for 1, 3, 5, 7, and 14 days, and then they were incubated with 10% cell counting kit-8 (CCK-8) regent (Dojindo, Japan) for 2 h. The absorbance of the solution at 450 nm was measured using an Elx 800 instrument (Biotek, USA).
In addition, the scaffolds were cultured for 14 days, followed by fixing with 4% paraformaldehyde at 4 C overnight, embedding in paraffin, and sectioning into 4-mm-thick slices. The sections were stained with hematoxylineeosin (HE) and observed.
The scaffolds loaded with chondrocytes were cultured for 1, 5, and 9 days, and then they were fixed with 4% glutaraldehyde at 4 C overnight and dehydrated with ethanol sequentially. Finally, the scaffolds were sputter-coated with gold and examined using a SEM (Zeiss, Germany).
Gene expression analysis using real-time PCR
Using RNAiso plus (Takara, Korea), total RNA was extracted from the chondrocytes seeded in the scaffolds for 2 weeks and the repaired cartilage after homogenate. After concentration measurement, cDNA was synthesized using 1 mg of total RNA (MBI Fermantas, Germany). A 20 mL polymerase chain reaction (PCR) mixture was prepared, including 10 mL of 2Â SYBR Premix Ex Taq mixture (Takara Japan), 0.2 mmol/L of each primer (aggrecan, SRYbox 9 [Sox-9], collagen II, collagen I, integrinb1and vinculin), 2 mL of 2-fold-diluted cDNA, and sterile distilled water. PCR amplification was performed on a Mastercycler ep realplex PCR system (Eppendorf, Germany). The reaction involved amplification at 95 C for 1 min and then 40 cycles of 95 C for 5 s followed by 60 C for 30 s. The primers are shown in Supporting Table 1 . The cycle threshold (Ct) values were collected and normalized to the level of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The 2 ÀDDC t method was used to calculate the relative mRNA levels of each target gene.
In vivo degradability and biocompatibility of the Col and DCol scaffolds
Briefly, each type of scaffolds was implanted subcutaneously in the bilateral backs of nine 200e250 g SD rats that were selected randomly. 1, 3, and 12 weeks after implantation, three rats with 6 scaffolds samples were sacrificed using a 10% (v/v) chloral hydrate overdose. The subcutaneous scaffold remains were harvested to analyze the biocompatibility using HE staining.
Repair of full-thickness cartilage defects in rabbits
Thirty-six 3.0e3.3 kg New Zealand white rabbits with 5-6month-old were randomly divided into 3 groups including group A, B, C and two time-points with 6 rabbits each group. (A) The bilateral condyles of right knees were performed with the same approach without operation and considered as control cartilage; the left knees obtained cartilage defects treatment without repair in the medial condyles and with autogenous cartilage transplantation in the lateral condyles, which were considered as negative and positive cartilage. (B and C) DCol1.6 ± chondrocytes and Col1.6 ± chondrocytes scaffolds were implanted into the medial and lateral condyle defect, respectively in the left legs; Col0.8 ± chondrocytes and DCol0.8 ± chondrocytes scaffolds were implanted into the medial and lateral condyle defect, respectively in the right legs ( Fig. S2 ).
Following procedures in our previous study 15 , the rabbits were anesthetized using 3 mL/kg 10% chloral hydrate in laboratory. The medial and lateral femoral condyles were exposed with a medial parapatellar approach. Full-thickness cartilage defects were created in the center of the medial and lateral condyles using a surgical drill bit with a diameter of 4 mm and a depth of 3 mm [ Fig. 5(A) ].The scaffolds with chondrocytes were cultured for 1 week before implantation. Six rabbits each group were euthanized for microcomputational tomography (micro-CT) scan using a 10% (v/v) chloral hydrate overdose 6 and 12 weeks after implantation. After micro-CT scan and anesthetization, the patellar groove was split, and the lateral and medial femoral condyles were both cut into two halves for histological and real-time PCR analysis respectively ( Fig. S2 ).
Micro-computational tomography (micro-CT) analysis
After anesthetization with 10% (v/v) chloral hydrate, the rabbits were put into a micro-CT scanner (Quantum GX, Perkins-Elmer, USA) and held in place. The parameters of the micro-CT scanner were as follows: voltage ¼ 90 kV, current ¼ 88 mA, pixel ¼ 144 mm, time ¼ 14 min, and voxel resolution ¼ 20 mm. The CT images were reconstructed to create 3D models and axial and sagittal films.
Histological analysis
The femoral condyle samples were sectioned, stained with HE and observed under microscopy. A histological grading scale 16 was used to analyze the regeneration of articular cartilage, carried out by two independent pathologists. The scale mainly assesses the following five factors: matrix staining, cell morphology, surface regularity, cartilage thickness, and integration of donor with host. The scores range from 0 to 14, with 14 indicating no regeneration and 0 representing complete regeneration (normal histology).
Statistical analysis
Each experiment had at least three independent observations. 95% confidence interval (CI) was used to describe the measurement uncertainty. Statistical analyses were performed using analysis of variance (ANOVA) by the SPSS 15 (SPSS Inc., Chicago, IL, USA), and detailed P value was indicated in the figures. After performing ANOVA, the differences between pairs of groups were explored using a Tukey test, if necessary.
Results

Structure and characterization of Col and DCol scaffolds
The AFM image of Col showed long and homogenous intertwined collagen fibrils with characteristic annular periodicity along their lengths, known as D-banding. The TEM image of Col showed the width of D-banding periodicity ranges between 67 and 69 nm [ Fig. 1(A) ]. However, the thermally denatured Col had a different morphology with some short chains or small aggregates.
The Col scaffolds were stronger than the DCol scaffolds due to the different intrinsic structures [ Fig. 1(B) ]. The SEM images showed that the Col0.8 scaffolds consisted of dense sheets ( Fig. S1(A) ), due to the relatively dense collagen fiber networks and the squeezed force of ice crystal. In contrast, the DCol0.8 scaffolds had a sparse, porous structure ( Fig. S1(C) ). Increasing the solid content of the freeze-dried DCol scaffolds led to the formation of a sheet structure similar to the freeze-dried Col scaffolds, but the mechanical strength of the wet DCol scaffolds was still lower than that of the wet Col scaffolds. Interestingly, the wet Col scaffold had shape memory properties ( Fig. 1(C) , Supporting Video 1), which could immediately recover the origin shape after water absorption.
Supplementary video related to this article can be found at https://doi.org/10.1016/j.joca.2018.06.004. Fig. 1(D) shows the FTIR spectra (in the 3700e800 cm À1 region) of pure Col, crosslinked Col, and DCol. The A III /A 1455 for crosslinked Col0.8 was 0.96, similar to that of Col0.8 (0.98). In comparison, crosslinked DCol0.8 had a lower A III /A 1455 of 0.85.XRD was used confirm the effect of thermal treatment on the secondary structure of collagen. The XRD analysis of the bovine collagen yielded an initial sharp peak (indicating the distance between the molecular chains) and a second broad peak (due to diffuse scattering 17 ), while for the DCol scaffold, the peak at 10 was decreased (compared to the characteristically large peak associated with Col).
Chondrocyte proliferation and adhesion in different scaffolds
The Col0.8 scaffolds had more chondrocytes than the DCol0.8 scaffolds7 days after culturing, and the Col1.6/0.8 scaffolds had more chondrocytes than the corresponding DCol scaffolds14 days after culturing [ Fig. 2(A) ]. HE staining showed that the chondrocytes were uniformly distributed in the collagen fibers located in the center of scaffold 14 days after culturing [ Fig. 2(B) ]. After adhesion to the collagen fibers, the chondrocytes could penetrate through the collagen-based scaffolds.
The SEM images showed that the pseudopodia of the chondrocytes could be observed more easily in the Col scaffolds than in the DCol scaffolds5 days after culturing, suggesting the better adhesion and activity of chondrocytes in Col scaffolds. In addition, the chondrocyte number in the Col scaffolds was clearly higher than in the DCol scaffolds [ Fig. 2(C) ].
Expression of cartilage genes and adhesion molecules of chondrocytes in different scaffolds
In the chondrocytes cultured in Col0.8 and DCol0.8 scaffolds for 2 weeks, the expression of Sox-9, collagen II, and collagen I mRNA were similar. However, the expression of aggrecan, Sox-9, and collagen II mRNA in the Col1.6 scaffolds were significantly higher than those in the DCol1.6 scaffolds [ Fig. 3 (A)e(C)], suggesting better cellular function and differentiation in the Col1.6 scaffolds. By contrast, the expression of collagen I mRNA was lower in the Col1.6 scaffolds [ Fig. 3(D) ]. Irrespective of Col or DCol scaffolds, the expression levels of aggrecan, Sox-9, and collagen II mRNA in the 1.6 wt% scaffolds were higher than in the 0.8 wt% scaffolds, while the collagen ImRNA expression level was the opposite. In addition, the adhesion molecules including integrin b1 and vinculin mediating the cellematrix interactions were investigated to explore the mechanism. Col1.6 scaffolds significantly increased the expression of integrin b1 and vinculin in chondrocytes compared with DCol1.6 scaffolds [ Fig. 3 (E) and (F)].
Degradability and biocompatibility of scaffolds in vivo
The scaffolds were implanted subcutaneously in rats to investigate the in vivo degradability and biocompatibility. All the rats were healthily maintained without anesthetic accident, weight loss, and infection. 3 weeks and 12 weeks after implantation, the DCol scaffolds were absorbed faster than the Col scaffolds ( Fig. 4 (E)e(L)), indicating that Col is more stable. According to the HE staining, these scaffolds were surrounded and infiltrated by the polymorphonuclear and mononuclear cells at 1 weeks 
Macroscopic specimen observation of cartilage defect repairs
All the rabbits were healthily maintained without anesthetic accident, weight loss, and infection. 6 weeks after implantation, the cartilage defects treated with cell-free scaffolds became filled with soft fibrous tissue without cartilage formation [ Fig. 5(B) ]. By contrast, the cartilage defects treated with cell-loaded scaffolds were covered with an irregular fibrous tissue mixed with immature cartilage, indicating that the chondrocytes enhanced their repair ability.
However, the difference in repair ability between the Col and DCol scaffolds was not obvious up to 6 weeks, due to the insufficient repair time. 12 weeks after implantation, the cartilage defects repaired by the cell-free scaffolds remained unhealed [ Fig. 5(B) ]. In contrast, the cell-seeded scaffolds, especially the Col scaffolds, exhibited a greater repair ability. The cell-seeded Col0.8 and Col1.6 scaffolds induced better resurfacing of the cartilage defects than the corresponding cell-free scaffolds. Regarding the cell-seeded Col1.6 scaffolds, the defects were almost completely filled with a smooth cartilage-like tissue similar to that treated with autogenous cartilage grafting. 
Histological assessment and gene expression analysis of cartilage defect repairs
Most sections showed decreased scaffold residues 12 weeks after implantation, indicating appropriate degradation of the scaffolds [ Fig. 6(B) There were significant differences in the histological grading between the scaffolds with and without chondrocytes 6 and 12 weeks after implantation [ Fig. 6M and (N) ], indicating the importance of chondrocytes. Furthermore, 12 weeks after implantation, the knee cartilage repaired with cell-loaded Col0.8 and Col1.6 scaffolds had lower histological scores than those repaired with the corresponding cell-loaded DCol scaffolds [ Fig. 6(M) and (N) ], suggesting the better repair ability of native collage scaffolds.
Similar to the results in vitro, the expression level of collagen II and aggrecan mRNA in the cartilage defects repaired with cellloaded Col1.6 scaffolds was higher than those repaired with the cell-loaded DCol1.6 and Col0.8 scaffolds [ Fig. 6 (O) and (P)].
Micro-CT assessment of subchondral bone repair
Considering the importance of subchondral bone in cartilage regeneration, the knee joints were examined using Micro-CT scans 12 weeks after implantation. In the control group, the subchondral bone was smooth without any depression zone [ Fig. 7(A) and (B) ].
The osteochondral defects treated with cell-free scaffolds still could be observed on the axial and sagittal images [ Fig. 7 (C)e(F)]. The defects repaired by the cell-free Col1.6 scaffolds were smaller than that treated with cell-free DCol1.6 scaffolds [ Fig. 7(F) ]. In the joints repaired by scaffolds loaded with chondrocytes, the defects were filled with new bone tissue mainly regenerated from the edge of the defects towards the center [ Fig. 7 (G)e(J)].
Discussion
In the present study, we first investigated the effect of 3D Col and DCol scaffolds on the proliferation, adhesion and differentiation of chondrocytes, however the previous researches mainly focused on the 2D dried filmsor hydrogel 8, 9 . Compared with films and hydrogel, cells comfortably grow and spread on the 3D scaffolds 18 . Native Colis characterized by a triple-helical conformation. Thermal denaturation of Col induces the collapse and destruction of the triple helix and the unfolding of the individual peptides into random coils, due to the conformation changes caused by disruption of the H-bonds 19, 20 . It has been demonstrated that the D-banding topology of collagen fibrils can reflect the native state according to AFM and TEM 21 . The DCol lacked intact fibers and formed irregular aggregates in the present study, indicating its heterogeneity and a complete loss of the well-established ultrastructure of collagen fibrils 22 . Therefore, Col became entirely structurally degraded and existed as random fragments after thermal treatment.
Those crosslinked Col were nearly identical, indicating that the secondary structure was preserved after EDC crosslinking 13 . Furthermore, the absorption ratio of 1240 cm À1 (the amide III band) to 1455 cm À1 (A III /A 1455 ) is a widely-accepted method to estimate the integrity preservation of the Col triple-helical structure 23 . The A III /A 1455 of crosslinked Col0.8 and Col0.8 was similar but larger than crosslinked DCol0.8, demonstrating the triple-helical structure was not destroyed by EDC. Moreover, the XRD results showed that the collagen owned the intermolecular spacing and the turn of the collagen helix respectively 24 , while the characteristic helical feature was destroyed by the thermal treatment in DCol.
Importantly, the wet Col scaffolds are shape-memory which have appealing properties for the design of cartilage regeneration devices: they can be miniaturized, deformed and recovered to adapt to the irregular morphology of cartilage defect, allowing a minimally invasive implantation for cartilage regeneration 25 .
Based on the phenomenon of different proliferation and redifferentiation ability of chondrocytes on the Col and DCol films or scaffolds, the types of cell lines might account for the different cell responses to the Col and DCol structure. The human fibrosarcoma cell, rabbit arterial smooth muscle cells, human osteosarcoma cells and chondrocytes tended to adhere to the native collagen 5, 26 ; However, the MSCs and pre-osteoblast preferred to grow on the denature collagen 7,9 . Cell adhesion, migration, and proliferation mainly depend on molecular constitution, binding sites, surface topography, and mechanical characteristics 7 . It is well known that the chondrocytessecreted a1b1 and a2b1 integrins mediate the survival, adhesion and redifferentiation of chondrocytes, and the triple-helical structure is the main target with which the receptor of integrins interact 5 . In the present study, the native collagen rather than the denatured collagen consists of the triple-helical structure made of different amino acid sequences. In addition, the expression of integrin b1 and vinculin were increased by Col1.6 scaffolds, suggesting the upregulated interactions between chondrocyte and matrix. Therefore, the triple-helical structure might be the reason for the superiority of native collagen in promoting the proliferation, adhesion and redifferentiation of chondrocytes.
Chondrocytes cultured in a monolayer tend to undergo dedifferentiation, due to the different environment 27 . During dedifferentiation, the mRNA expression levels of aggrecan, collagen II, and Sox-9 decrease, while the collagen I mRNA expression level increases 28 . In the 3D scaffolds simulating in vivo conditions, chondrocytes can redifferentiate and exhibit relatively normal function, including extracellular matrix (ECM) secretion 28 . In the present study, both native and denatured scaffolds provided anappro-priate3D growing environment. Furthermore, compared with DCol1.6 scaffold, the better attachment and proliferation of chondrocytes in Col1.6 scaffolds with the triple helix might contributed to the greater redifferentiation with higher expression levels of aggrecan, collagen II, and Sox-9 mRNA in the Col1.6 scaffolds. In vivo, aggrecan and collagen II are the major structural constituents of articular cartilage 29 . Therefore, the expression of aggrecan and collagen II mRNA might directly determine the structure and function of cartilage.
Given the ECM secretion and collagen formation of chondrocytes in scaffolds, the scaffolds loaded with chondrocytes brought in a better cartilage regeneration than cell-free scaffolds. Besides the implanted cells, the penetrated endogenous cells might contribute to the regeneration 30 . Importantly, the Col scaffolds promoted cartilage regeneration more than the DCol scaffolds, based on macroscopic observation, HE staining and histological grading during the 12-week period. Cell proliferation, adhesion, and redifferentiation and mechanical strength might be the reasons for the better repaired performance of the Col scaffolds. However, several problems still should also be considered. First, all of the DCol1.6/Col0.8 ± chondrocytes scaffolds were implanted into the medial condyles, whereas, all of the Col1.6/DCol0.8 ± chondrocytes scaffolds were implanted into the lateral chondrocytes, therefore, the implanted sides might affect the cartilage regeneration. Second, the different 3D structures of the Col and DCol scaffolds might be another factor responsible for the repaired effect.
Interestingly, the cell-loaded scaffolds promoted subchondral bone regeneration compared with the cell-free scaffolds, demonstrated by the micro-CT scan. The better cartilage repaired by the cell-loaded scaffolds might account for the phenomenon. Actually, articular cartilage and the subchondral bone are tightly coupled, and they affect each other via biomechanical and biological communications 31 . In addition, the micro-CT showed that bone regeneration in Dcol0.8 and Col0.8 group was inhibited to some extent. One potential reason is the remodeling of the subchondral bone stimulated by the surgical produce, and the other hypothesis is that bone resorption may occur in the place loaded with the abnormal mechanical stresses due to the cartilage defect 31 .
In conclusion, the Col scaffolds with triple helix promoted adhesion, proliferation and redifferentiation of chondrocytes, as well as the regeneration of cartilage defect, compared with the DCol scaffolds. Micro-CT assessment showed that the Col scaffolds induced the regeneration of subchondral bone. To sum up, these results suggest that the enhanced adhesion, proliferation, and redifferentiation of chondrocytes might be the underlying mechanism involved in the advantage of native collagen scaffold in cartilage defect repair (Fig. 8 ).
